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In this issue of Structure, Satyshur et al. (2007) present crystallographic snapshots of the bacterial
type IV pilus retraction motor PilT and propose a general model for pilus retraction consistent with
a growing consensus that secretion superfamily ATPases are dynamic hexameric assemblies.
Near the turn of the new millennium,
a cascade of reports on the structural
biology of bacterial secretion systems
sparked an unprecedented interest
in dissecting the macromolecular
machineries responsible for mediating
protein/DNA trafficking out of cells
and the biogenesis of supramolecular
assemblies such as pili and
flagellae (Remaut and
Waksman, 2004). One of
the hallmarks of these mo-
lecular trafficking systems
is the coupling of ATP bind-
ing and hydrolysis to ener-
gize their assembly and to
drive substrate transloca-
tion. Indeed, all known bac-
terial and archaeal secretion
systems employ essential
NTPases (predominantly
ATPases) of which a major
subset are the type II/IV se-
cretion NTPases, broadly
known as the ‘‘secretion su-
perfamily ATPases.’’ These
encompass traffic ATPases
participating in bacterial
type IV secretion systems
(T4SS) and motor NTPases
driving bacterial and ar-
chaeal type II secretion sys-
tems (T2SS), bacterial type
IV pilus biogenesis, and the
assembly of archaeal flagel-
lae (Planet et al., 2001).
While structures of secre-
tion ATPases are available
for T4SS and T2SS (Yeo
et al., 2000; Robien et al.,
2003; Hare et al., 2006; Ya-
magata and Tainer, 2007;
Savvides et al., 2003), those
of motor ATPases involved
in type IV pilus assembly/retraction
have remained elusive.
In this issue of Structure, Forest and
colleagues report the first crystallo-
graphic snapshots of the bacterial
type IV pilus retraction motor, PilT.
Additionally, they provide evidence
for the way PilT can potentially
undergo large-scale rigid-body mo-
tions per ATP binding event, thus mak-
ing it possible to drag a pilus substrate
protein over tens of A˚ngstroms (Saty-
shur et al., 2007). This is highly antici-
patedwork that complements ongoing
studies on type IV pilus biogenesis
(Craig et al., 2006).
Bacterial type IV pili are
extraordinary macromolec-
ular assemblies. They are
thin filamentous structures
(50–80 A˚) with exceptional
tensile strength (>100 pN),
and are formed as a result
of the ATP-dependent poly-
merization of pillin subunits.
In their mature form, they
emanate conspicuously
from the surface of bacteria
to mediate a multitude
of cellular functions, such
as surface motility, cell
adhesion, biofilm formation,
and cell signaling. In the
case of some pathogenic
bacteria, type IV pili consti-
tute an important virulence
factor (Craig et al., 2004).
Like the other structurally
characterized members
of the secretion ATPase
superfamily—the bacterial
T4SS traffic ATPases
HP0525 from Helicobacter
pylori and VirB11 from
Brucella suis, the bacterial
T2SS motor EpsE from
Vibrio Cholera, and the
archaeal T2SS motor GspE
from Arhaeoglobus fulgi-
dus—nucleotide-boundforms
of PilT feature a symmet-
ric, toroidal hexameric
Figure 1. Structures of the Five Secretion Superfamily
ATPases Determined to Date
HP0525, PDB entry: 1g6o; PilT, PDB entry: 2ewv; BsB11, PDB entry:
2gza; GspeE, PDB entry: 2oap; and EpsE, PDB entry: 1p9w. The
NTDs and CTDs are colored in orange and blue, respectively. The
schematic in the center illustrates the toroidal hexameric structures
typically adopted by these ATPases. Canonical hexamers of EpsE
have not yet been directly observed in crystal structures, but are
believed to form in vivo as modeled by Robien et al., 2003. For PilT,
additional secondary structure elements in the NTD and CTD dis-
cussed in the text are shown colored in green and red, respectively.Structure 15, March 2007 ª2007 Elsevier Ltd All rights reserved 255
Structure
Previewstructure constructed from
intimately interacting subunits,
which in turn are organized in
N-terminal and C-terminal do-
mains (NTD and CTD) separated
by a linker (Figure 1). The NTD
and CTD of secretion superfam-
ily ATPases are, in general, struc-
turally well conserved despite
the sometimes marginal se-
quence identity among homologs.
Differences in sequence length
take the form of additional struc-
tural features. For instance, the
NTD of PilT resembles Per/
Arndt/Sim (PAS) domains due
to additional secondary structure
elements. Furthermore, the nu-
cleotide binding fold of the CTD
accommodates an extra motif of 7
short a helices, of which aJ contains
the signature sequence for pilus
retraction (AIRNLIRE) (Figure 1). In-
triguingly, neither of the symmetric
hexamers of PilT bound with ATP or
the ADP corresponds to active forms
due to their incomplete nucleotide
binding sites, suggesting that other,
functionally competent oligomeric
forms of PilT must exist.
Unexpectedly, Forest and col-
leagues managed to trap PilT in a
grossly deformed, asymmetric hex-
americ assembly (Figure 2). In this
squashed hexamer with pseudo
2-fold symmetry, subunits A, C, D,
and F exhibit contracted conforma-
tions (the NTD-CTD grooves are
closed by 16 compared to the 6-fold
symmetric structure), while subunits
B and E have moved away from the
center of the assembly and have un-
dergone a staggering 65 rotation
about their linkers to yield wide-open
conformations (Figure 2). In this struc-
tural context, the nucleotide binding
site of subunit F becomes complete
and reveals clusters of arginine resi-
dues contributed by adjacent sub-
units, leading to the formation of what
the authors call an ‘‘arginine wire.’’
With the support of mutagenesis data
and functional assays, the authors
propose that PilT may utilize an argi-
nine finger to drive pilus retraction
and, by analogy to the arginine fingers
of GTPase-activating proteins and
AAA+ ATPases, to facilitate communi-
cation between subunits.
However, the true impact of observ-
ing an asymmetric PilT is that it pro-
vides the opportunity to propose
models for its mode of action. Saty-
shur et al. postulate that PilT may
oscillate between a structurally hetero-
geneous, unliganded form and the
active ellipsoidal hexamer they have
observed. ATP binding to one of the
open subunits would cause a dramatic
closure of the CTD domain. The imme-
diate implications of this large-scale
motionwould be that a pillin subunit in-
teracting with one of the swinging CTD
domains of PilT would be dragged
along over several A˚ngstroms, thus
resulting in pilus retraction. The pro-
posed mode of action also implies
that only a fraction of the PilT subunits
in the hexamer can be active at any
given moment and that the rest would
play a supporting role. It also raises the
possibility that biologically relevant
forms of PilT may never achieve hex-
americ symmetry, but instead cycle
between distinct asymmetric assem-
blies. That mechanism would be in
contrast to other secretion superfamily
ATPases characterized to date. None-
theless, one may be able to rationalize
this scenario in terms of a need for
a conformationally more diverse motor
ATPase driving pilus retraction given
the relatively large forces needed to
translate pillin subunits by tens of
A˚ngstroms.
The coupling of ATP binding and
hydrolysis to the generation of me-
chanical leverage is indeed the es-
sence of secretion ATPases, which
by definition should be able to cycle
between structurally distinct nu-
cleotide-bound and nucleotide-
free forms. Earlier studies on
the traffic ATPase from the
T4SS of the human pathogen
H. pylori (Savvides et al., 2003)
and recent elegant work on
GspE from an archaeal T2SS
(Yamagata and Tainer, 2007),
have combined crystallographic
studies with solution methods,
such as analytical ultracentri-
fugation (AUC) and small-angle
X-ray scattering (SAXS), to
show that secretion superfamily
ATPases are dynamic, modular
hexameric assemblies that can
undergo large nucleotide-
dependent domain rearrange-
ments. PilT is now the third such
ATPase for which this dynamic be-
havior has been shown, albeit ex-
clusively via crystallographic methods.
Although very revealing, crystallo-
graphic studies of secretion superfam-
ily ATPases are bound to be limited by
what can be crystallized. In fact, the
range of biologically relevant con-
formational ensembles is likely to be
much greater than what has been
documented so far.
Nonetheless, the available studies
already point to a universal paradigm
that calls for a nucleotide-dependent
‘‘push-n-pull’’ mode of action. This
is a testable proposal for which
methods, such as fluorescence reso-
nance energy transfer (FRET), AUC,
SAXS, and NMR, and in silico ap-
proaches, such as molecular dynam-
ics, could provide invaluable insights.
PilT would be well suited for FRET
studies because its subunits can
swing extensively, and because the
platform interacting with target pillins
is the solvent exposed helix aJ in the
CTD (Figure 1). Furthermore, a dissec-
tion of the operating principles of se-
cretion ATPases will be needed in
light of recently proposed models for
ATP binding and hydrolysis (Martin
et al., 2005). In this regard, detailed
(pre-)steady state kinetic experiments
complemented by site-directed muta-
genesis and crystallographic titrations
using substrate and substrate-
analogs could provide a wealth of
new information.
The stage has been set!
Figure 2. Comparison of the Canonical and
Asymmetric PilT Hexamers Discussed in This Issue
Bound ADP molecules are shown in red spheres. I thank
K. Forest, (University of Wisconsin, USA) for kindly making
the crystallographic coordinates of the asymmetric PilT
hexamer available prior to publication.256 Structure 15, March 2007 ª2007 Elsevier Ltd All rights reserved
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